Air temperature and specific humidity inversions and low-level jets were studied over two Svalbard fjords, Isfjorden and Kongsfjorden, applying three tethersonde systems. Tethersonde operation practices notably affected observations on inversion and jet properties. The inversion strength and depth were strongly affected by weather conditions at the 850 hPa level. Strong inversions were deep with a highly elevated base, and the strongest ones occurred in warm air mass. Unexpectedly, downward longwave radiation measured at the sounding site did not correlate with the inversion properties. Temperature inversions had lower base and top heights than humidity inversions, the former due to surface cooling and the latter due to adiabatic cooling with height. Most low-level jets were related to katabatic winds. Over the ice-covered Kongsfjorden, jets were lifted above a cold-air pool on the fjord; the jet core was located highest when the snow surface was coldest. At the ice-free Isfjorden, jets were located lower.
Introduction
Temperature inversions are common in the Arctic, especially in winter [1] [2] [3] . They can be generated by various mechanisms, including (a) surface cooling due to a negative radiation budget, the effects of which are transmitted to near-surface air via a downward sensible heat flux [4] , (b) direct radiative cooling of the air [5, 6] , (c) warm-air advection over a cold surface [7, 8] , and (d) subsidence [1, 9] . Also specific humidity inversions (hereafter humidity inversions) are common in the Arctic [10] and they often coincide with temperature inversions [11] . Despite the importance of humidity inversions for the Arctic stratus [12] , the mechanisms generating humidity inversions have received much less attention than those generating temperature inversions. Condensation, gravitational fallout of the condensate, deposition of hoar frost at the surface, turbulent transport of moisture, and subsidence are processes in vertical dimension that contri bute to the generation of humidity inversions [13] . In addition, horizontal advection of moist air masses from lower latitudes is an essential large-scale process; the advection peaks above the atmospheric boundary layer (ABL) but there is still significant uncertainty on its vertical distribution [14] .
A low-level wind maximum called a low-level jet (LLJ) is a typical feature in the wind profile in the Arctic, in particular in the presence of temperature inversions, when the LLJ is often located at the top of the temperature inversion [15] . LLJs can be generated by a variety of mechanisms, including (a) inertial oscillations due to temporal [16, 17] and spatial [18] variations in the surface friction, (b) baroclinicity [19] , (c) directional shear of other origin [20] , (d) ice breeze (a sea-breeze-type mesoscale circulation; [21] ), (e) katabatic winds [22] , and (f) barrier winds [23] .
Major challenges still remain in understanding temperature and humidity inversions, LLJs, and other features in the stable boundary layer (SBL). The Arctic SBL is long-living with a strong but quantitatively poorly known interaction of gravity waves and turbulence [24] . Under very stable stratification, the shear related to a low-level jet often provides a source of turbulence more important than the surface friction, resulting in an upside-down structure of the SBL [25] . Further, shallow convection over leads and polynyas complicates ABL processes in the sea ice zone [26, 27] . Hence, numerical weather prediction (NWP) and climate models usually have their largest errors in the SBL [28] [29] [30] [31] , which calls for more analyses on the temperature and humidity profiles and low-level jets in the Arctic atmosphere.
Arctic fjords are usually surrounded by a complex orography of mountains, valleys, and glaciers, which complicates the dynamics of the air flow [32] . In Svalbard, some fjords are completely covered by sea ice in winter and spring whereas others are partly ice-free; in the latter the surface temperature varies largely in space. The low-level wind field is strongly influenced by the local orography [33] . Due to the combined effects of the complex orography and thermal heterogeneity of the fjord surface, the dynamic and thermodynamic processes affecting the state of the ABL are complex. Several studies have addressed boundary-layer and mesoscale processes in the Svalbard region, including observations on surface-layer turbulence [34, 35] and ABL structure [36, 37] and modelling studies with validation against observations from satellite [38] , research aircraft [8, 39] , unmanned aircraft [40] , automatic weather stations [41] , and rawinsonde soundings [42] . What has been lacking so far is a thorough observational analysis on temperature and humidity inversions and low-level jets, based on a data set more extensive than those in previous case studies [8, 39] .
Our study is motivated by two aspects. First, better understanding on the ABL structure over fjords is needed to improve NWP and climate models and to improve the skill of duty forecasters to predict near-surface weather in conditions of complex orography, where present-day operational models are not particularly reliable [42] . Considering climate modelling, the vertical profiles of wind, temperature, and humidity closely interact with the turbulent surface fluxes, which further control the deep water formation in fjords with potentially far-reaching effects on the climate system [43] . Second, several studies on the structure of the ABL in polar regions have been based on tethersonde soundings (e.g., [17, 36, 37] ), but a detailed investigation on the effects of the sounding strategy (above all, vertical resolution and maximum height) on the observations of inversions and LLJs is still lacking. To respond to these needs, we analyse (1) the effects of synoptic-scale flow and surface conditions on the temperature and humidity inversions, (2) the effects of synoptic-scale flow, near-surface temperatures, and orography on LLJs, and (3) the sensitivity of the results to the method of taking tethersonde soundings. We study the ABL over Isfjorden and Kongsfjorden on the basis of data from three different tethersonde systems operated in spring 2009. We have BAROCAP silicon sensor 1.5 hPa 0.1 hPa * The accuracy of vertical differences is better than the absolute accuracy, because in the UNIS and UT soundings the same sensors were used for the whole profile and in the AWI tethersonde the sensors were intercalibrated. We assume that the accuracy of vertical differences in air temperature and relative humidity is close to the sensor resolution.
already applied these data to verify high-resolution numerical model simulations [44] , but without addressing the above-mentioned aspects 1-3. (Figure 1 ). The UNIS tethersonde system consisted of one tethersonde and the UT system of three tethersondes at approximately 15 m intervals in the vertical, attached to a tethered balloon (Figure 2 ). The UNIS and UT balloons were ascended and descended with a constant speed of approximately 1 m s −1 to gain vertical profiles of temperature, humidity, pressure, wind speed, and wind direction. The AWI system ( Figure 2 ) consisted of six tethersondes, which were kept at constant altitudes, from 100 m to 600 m at 100 m intervals in the vertical, to record time series. The sampling interval of the tethersondes altered from 1 to 5 seconds. The tethersonde systems were only operated in nonprecipitating conditions (except of very light snow fall) with wind speeds less than 10 m s −1 . The tethered balloons were neither ascended into thick clouds nor operated in temperatures lower than approximately −25 • C. Technical information on the tethersonde sensors is given in Table 1 .
Observations

Measurements at Isfjorden.
Isfjorden, which covers an area of 3084 km 2 , is situated on the west coast of Spitsbergen, the largest island of the archipelago of Svalbard. The fjord is orientated in a southwest to northeast direction and has a 10 km wide mouth to the open ocean. The measurement site (78
• 15 N, 15
• 24 E) was located on the southern coast of Tower measurements were made next to the UNIS tethersonde sounding site (some 20 m apart). In 2008, a 30 m tower was equipped with meteorological sensors at several levels [34] ; here we applied the measurements of air temperature and relative humidity (HMP45C, Vaisala) at the height of 10 m, wind speed, and wind direction (A100LK and W200P, Vector instruments) at the heights of 10, 15, and 25 m, as well as the surface pressure (CS100, Campbell Scientific). In addition, a net radiometer (CNR1, Kipp & Zonen) was deployed to measure the downward and upward shortwave and longwave radiative fluxes, and a sonic anemometer (CSAT3, Campbell Scientific) at the height of 2.7 m was applied to measure turbulent fluxes of sensible heat and momentum. In addition, the prevailing cloud and sea ice conditions were observed visually. The sea ice conditions were also analysed based on the sea ice charts produced by the Norwegian Meteorological Institute. In front of the measuring site, Isfjorden remained mostly free of ice, although there was occasionally pancake ice forming over night. The inner parts of the fjord branches were covered with land-fast ice ( Figure 1 ). Depending on the cloud conditions, wind speed, and the buoyancy of the 7 m 3 balloon, the maximum height of the soundings varied from 600 to 1500 m with an average of 1200 m. The measurements of AWI were made between 12 March (day length 10 h 24 min) and 5 April 2009 (day length 17 h 13 min). The tethered balloon was launched whenever the weather conditions were appropriate, and kept at a constant altitude as long as the weather conditions and battery capacity allowed. During the campaign, 13 individual time series, 5 to 16 h each, were collected. The AWI tethersonde data covered all hours of the day whereas the UT soundings were only made between 10 and 19 UTC (Figure 3) . Moreover, AWI carries out regular rawinsonde soundings at Nẙ Alesund daily at 11 UTC, with the launching site next to the AWI tethersonde site. We also applied these data from the period of our campaign (14 rawinsonde soundings).
Measurements at
The near-surface temperature, relative humidity, and wind were measured at a 10 m weather mast of AWI, located approximately 300 m from the AWI sounding site. A 10 m weather mast of UT, equipped with wind, temperature, and humidity sensors (Aanderaa Co.) was situated at the coast, approximately 500 m from the AWI sounding site and 1 km from the UT sounding site. At this location, the downward and upward longwave radiation were measured by a pair of Eppley PIR pyrgeometers, and the downward and upward shortwave radiation by a pair of Eppley PSP pyranometers, and a sonic anemometer (Metek USA-1) was applied to measure the sensible heat flux. The cloud conditions were observed visually. The sea ice cover was estimated based on the sea ice charts produced by the Norwegian Meteorological Institute. The inner part of the fjord was covered with land-fast ice and the area towards the fjord mouth partly with drifting ice ( Figure 1 ). Next to the measurement sites, a compact field of drifting ice prevailed.
Data and Analysis Methods
Only the ascent profiles of temperature, humidity, and wind direction were used in the analyses of the tethersonde data. However, to smoothen out the overestimation of wind speed during the descent and underestimation during the ascent, the values from both wind profiles were averaged. The profile data of UNIS were averaged over every 5 m to keep as good a resolution as possible. The data of UT was averaged over the three tethersondes. Due to the limited accuracy of the height measurements of each individual tethersonde, a 10 m averaging interval was used for the UT profiles. The nearsurface air temperature and humidity were taken from the lowest measurement altitude of 5 m, and the wind speed and wind direction from the height of 10 m. The tethersonde time series of AWI were averaged over 10 min at each level, which Advances in Meteorology 5 gave 770 vertical profiles based on the six tethersondes. The weather mast measurements and near-surface measurements of radiative and turbulent fluxes were averaged over 30 min.
Wind direction measurements made with the tethersonde systems suffered from a systematic compass malfunction due to extreme sensitivity to sensor tilt in the vicinity of the magnetic pole. The differences between the tethersonde ascent profile and weather mast wind direction sensor readings were mostly within 30
• . We concluded that the tethersonde wind directions were not accurate enough to study the turning of the wind in the ABL, but the data still made it possible to detect from which of the nearby glaciers, mountains, or fjord branches the air mass was advected.
The operational analyses of the European Centre for Medium-Range Weather Forecasts (ECMWF), with 25 km horizontal resolution, were applied to get information on the geopotential height, wind speed, wind direction, temperature, temperature advection, relative humidity, and specific humidity at the 850 hPa pressure level, above the local mountains. The air masses were classified as marine or Arctic according to the wind direction at the 850 hPa level. Due to the tongue of the open ocean west of Svalbard and sea ice east and even southeast of Svalbard, the marine sector was defined as 200-290
• , while the other wind directions represented the Arctic sector.
The terminology used to define a temperature inversion follows Andreas et al. [17] . The height of the inversion base z Tb and the temperature of the inversion base T b were taken from the level immediately below the temperature inversion ( Figure 4 ). The top of the temperature inversion is the subsequent level where the temperature starts to decrease. The height and temperature of this level were taken as the height of the inversion top z Tt and the temperature of the inversion top T t . Hence, temperature inversion strength TIS = T t − T b , and temperature inversion depth TID = z Tt − z Tb . To ensure that no artificial inversions are generated due to measurement inaccuracy, cases where the temperature change through the inversion was 0.3
• C or less were ignored. Thin negative lapse layers that occasionally occurred within the inversion layers were also ignored and considered to be within the inversion layer when they were less than 10 m thick and the temperature change within them was less than 0.3
• C. A specific humidity inversion terminology, such as the specific humidity at the inversion base (q b at z qb ) and at the inversion top (q t at z qt ) was determined analogously to temperature inversion ( Figure 4) . Accordingly, humidity inversion strength QIS = q t − q b , and humidity inversion depth QID = z qt − z qb . Layers with a humidity increase larger than 0.02 g kg −1 were considered as humidity inversion layers. Thin (less than 10 m) layers of humidity decrease within the inversion layer were ignored.
A low-level jet was defined following Stull [15] as the level where there is a local wind speed maximum with wind speeds at least 2 m s −1 higher than wind speeds above it. As LLJs related to katabatic winds in Isfjorden often occur very close to the surface, the wind maxima often occurred at the lowest observation level of 10 m. The level of maximum wind speed was defined as the jet core height z j , with the jet core wind speed U j ; z a is the height of the subsequent wind minimum, and U a the corresponding wind speed ( Figure 4 ). The LLJ depth was defined as z a − z j .
Temperature and Humidity Inversions
Inversions were observed during variable synoptic situations. Over Kongsfjorden, the 850 hPa level wind speed ranged from 0 to 20 m s −1 , the air temperature from −28 to −12 • C, and the temperature advection from −2.9 to 2.6
• C h −1 . Most common were moderate northerly winds (mean speed 7.3 m s −1 ) with a weak cold-air advection (mean −0.3
. Over Isfjorden, the 850 hPa level wind speed varied from 3 to 10 m s −1 , the air temperature from −20 to −11
• C, and the temperature advection from −1.2 to 0.8
Effects of the Sounding Practice.
To quantify the methodological effects on observed temperature and humidity inversions, we compared the simultaneous soundings of AWI and UT. To distinguish between the effects of vertical resolution (10 m for UT (see Section 3), 100 m for AWI) and maximum sounding altitude (600-1500 m for UT, 600 m for AWI) in generating differences in the observed inversion properties, we also calculated the inversion statistics separately for a subset of the UT data only including the lowermost 600 m of the profiles (data from upper levels were ignored). The differences between this data subset (hereafter UT 600 data) and simultaneous AWI soundings are solely due to vertical resolution. The largest relative differences between the AWI and the original UT data sets, of the order of 100%, were found in TID, QIS, and QID, with thicker inversions in the AWI data but stronger inversions in the UT data ( Table 2 ). The differences in TID were almost entirely due to the coarse vertical resolution of the AWI data set, where many elevated inversions were sampled as surface based (UT and UT 600 data gave practically same mean values, demonstrating an insignificant effect of maximum altitude). On the contrary, both the vertical resolution and maximum altitude were essential in generating differences in QID and QIS: the three data sets yielded dramatically different mean values (Table 2) . For QID the AWI data yielded the largest values, as many elevated inversions were sampled as surface based and separate inversion layers were often counted as one. For QIS, however, the largest values were found in the UT data; the AWI data missed both the maximum humidities that occurred above 600 m and the minimum humidities that were not detected due to the coarse vertical resolution. TIS was less affected by the sounding practice, because temperature inversions on average reached lower heights than humidity inversions. UT data also allowed better detection of the fine structure of the wind profiles, resulting in stronger LLJs and core wind speeds ( Table 2) . As the LLJs occurred in the lowermost 600 m, the differences in core winds were solely due to vertical resolution, but the jet strength was also affected by the wind minimum, which was sometimes located above 600 m. The data sets included four cases with simultaneous soundings by both tethersondes and the AWI rawinsonde system. In two of these cases the rawinsonde data missed the strong temperature inversions that occurred in the lowermost 100 m layer. Using UT tethersonde data as reference, the warm bias in the rawinsonde data was up to 4.5
• C.
Basic Inversion Properties.
Statistics of temperature and humidity inversions are summarized in Table 3 . Looking at the mean values of all three data sets (UNIS, UT, and AWI), the temperature inversions had a lower base height than the humidity inversions, but the humidity inversions were thicker and had a higher top. The reason for the temperature inversions not reaching as high altitudes as humidity inversions is the adiabatic cooling; no comparable mechanism affects the specific humidity in unsaturated air (the tethersondes did not enter into clouds). The reason for the lower base height for temperature inversions is that the snow surface acted as a heat sink: the observed sensible heat flux was from air to snow for 90% of the time in Isfjorden and 93% of the time in Kongsfjorden. Surface-based temperature inversions were therefore common and, in the case of an elevated inversion, forced convection was seldom strong enough to generate a thick mixed layer below the elevated inversion. On the contrary, the snow surface was seldom a sink for air humidity. The observations indicated that the surfacespecific humidity (calculated from the surface temperature based on the longwave radiation data) exceeded the air-specific humidity (weather mast data from 2-10 m height) for 79% and 63% of the time in Isfjorden and Kongsfjorden, respectively. Such conditions did not favour surface-based humidity inversions. The mean profiles for air masses of marine and Arctic origin are shown in Figure 5 . Considering the temperature profiles, UNIS soundings showed that the marine air masses were much warmer than the Arctic ones, but the temperature inversions were stronger in the marine than Arctic air mass (mean TIS 2.3 and 1.6
• C, resp.). This was partly due to the warmer air at higher altitudes and partly due to the surface cooling (down to −9 • C on average) during the flow of marine air masses over western parts of Svalbard archipelago before reaching the sounding site. At Kongsfjorden, the marine air masses were typically 2-3
• C warmer than the Arctic ones. Contrary to Isfjorden, the both Kongsfjorden data sets (UT and AWI) indicated stronger temperature inversions in the Arctic than marine air masses. This is because the marine air masses entering in Kongsfjorden were colder than in Isfjorden; they either arrived from more northern areas or travelled a longer distance over Svalbard. Considering the humidity profiles, UT, AWI, and UNIS data sets all indicated that the marine air masses were moister than the Arctic ones throughout the layer covered by the soundings (Figure 5(b) ). The individual profiles often included elevated inversions, but their heights varied a lot, and therefore they do not clearly appear in the mean profiles. The mean profiles show humidity inversions right upwards from the lowest atmospheric observation height (2 or 9 m) but, as mentioned above, the surface-specific humidity usually exceeded the near-surface value in the air.
Relationships between Variables.
In this subsection, we only consider the properties of the strongest inversion of each vertical profile. First we report the strongest statistical relationships between the inversion properties, which do Figure 6 : A schematic presentation of the observed relationships between inversion properties and other meteorological variables for (a) temperature and (b) humidity inversions. The thick red arrows denote statistically significant relationships detected from at least two tethersonde data sets, and the thick blue arrows mark the relationships with the highest correlation coefficients found in a single tethersonde data set (UT).
not necessarily have any causal links. In all three data sets, TIS increased with increasing TID (correlation coefficient r ranged from 0.48 to 0.70), but QIS and QID had a significant positive correlation only in the AWI data set (r = 0.40).
In the UT data, z qb was related to z Tb (r = 0.76), TIS (r = −0.62), and QID (r = 0.52). The last finding is interesting: the higher the inversion base was, the thicker was the inversion, which demonstrates the dominating role of variations in the moisture content far above the surface, typically controlled by synoptic-scale processes. Next we focus on potentially causal relationships, studying how the strength, depth, and base height of temperature and humidity inversions are affected by the large-scale flow variables at 850 hPa level, above the mountain tops (wind speed U 850 , air temperature T 850 , specific humidity q 850 , relative humidity RH 850 , temperature advection Tadv 850 , and the height of the pressure level Z 850 ), as well as total cloud cover (TCC), low cloud cover (LCC), 5 m wind speed (U 5m ), and the surface fluxes of sensible heat (H), net radiation (NR), downward solar radiation (SWR), and downward longwave radiation (LWR). The fluxes are defined positive towards the surface. The statistically significant correlations are presented in Table 4 , and a schematic summary of the relationships between variables in Figure 6 .
Isfjorden. On average, TIS increased with increasing
Z 850 and decreasing NR, q 850 , and RH 850 (Table 4) . Temperature inversions were accordingly strong in high-pressure conditions with dry air. TID increased with increasing (downward) surface sensible heat flux and decreasing q 850 . QIS was affected by the 850 hPa variables and the surface pressure. A large QID was surprisingly related to a low q 850 . This was because in cases with a large q 850 there was either no humidity inversion (marine air mass occupied the whole atmospheric column up to the 850 hPa level) or only a very shallow internal boundary layer with a thin humidity inversion was generated at the sounding site. This was qualitatively in agreement with the UT results from Kongsfjorden, where warm-air advection decreased QID.
We observed a positive correlation between the near-surface wind speed and TIS (r = 0.51) and TID (r = 0.44). An explanation for this uncommon result is that the strongest and deepest inversions were associated with strong katabatic winds at the measurement site. Although the direct effect of a strong near-surface wind is to erode the inversions, the katabatic wind strengthened the inversions by advecting cold near-surface air to the measurement site.
Kongsfjorden.
In the AWI data set, TIS and TID correlated with T 850 and RH 850 (Table 4) : strong and thick temperature inversions were favoured by warm, dry air at 850 hPa level. A low RH 850 kept LWR low, which strengthened inversions. A high T 850 had, however, two competing effects: to directly strengthen inversions and to increase LWR, which tends to weaken inversions. The former effect dominated. In the UT data, TID was strongly affected by Tadv 850 (r = 0.76) and significantly also with RH 850 and T 850 . A multiple linear regression analysis [45] using Tadv 850 and RH 850 Advances in Meteorology 9 as variables explaining TID yielded a high r of 0.88 with a root-mean-square error of only 30 m. It is noteworthy that inclusion of surface variables did not improve the regression. See Section 6 for further discussion.
In the AWI results, QIS was largest when the air at 850 hPa level was warm and moist (Table 4 ). In the UT data, a large QIS was favoured by a high Z 850 and LCC, as well as a low U 850 . A large NR and warm-air advection decreased QID. The stronger the wind speed, the higher were z Tb and z qb .
Differences between Day and Night.
We analysed the differences between day and night on the basis of the AWI data (Figure 2 ). Despite the high latitude (small diurnal amplitude in the solar zenith angle), the data showed clear diurnal cycles in downward and upward components of solar radiation, upward longwave radiation, surface temperature (T S ), T 2m , q 2m , and RH 2m as well as in the strength and depth of temperature and humidity inversions ( Figure 7 ; the quantitative numbers were naturally affected by the coarse vertical resolution). The diurnal cycles of TID and QID originated solely from the diurnal cycles in the inversion base heights. Our observations on daytime maximum of z qb are qualitatively in agreement with the daytime maximum of the base height of low clouds observed over the Antarctic sea ice [45] .
The causal factors correlating (negatively) with the daytime TIS were RH 850 and U 5m . The daytime TID increased with increasing TIS. At night, warm air at the 850 hPa level tended to generate strong and deep temperature inversions. These warm air masses were often close to saturation at the 850 hPa level, suggesting that very small increase in the air humidity could have resulted in large changes in the inversion properties. Both during day and night, warm and moist air at the 850 hPa level favoured strong humidity inversions. The 850 hPa variables did not have any significant effect on daytime QID, but at night moist air at the 850 hPa level with a large LWR and a warm and moist surface favoured thick inversions.
Strongest
Inversions. The strongest humidity inversion over Kongsfjorden (0.76 g/kg) was observed on 20 March at 12 UTC with warm air (−15
• C) advected from west at 850 hPa level. During the preceding 24 h, the cloud cover had been 6-8 octas, but at noon it reduced to 3 octas, the snow surface cooled by 2.7
• C, and evaporation stopped. The strongest temperature inversion over Kongsfjorden (10.9
• C) was observed on a clear night (22-23 UTC) on 30 March when T S had decreased from −13 to −26
• C in 8 h but T 850 was still high (−15
• C), just starting to decrease. Over Isfjorden, the by far strongest temperature and humidity inversions (6.5
• C and 0.28 g kg −1 , resp.) were observed on 30 March 03-04 UTC, that is, during the same synoptic situation but 19 h earlier than in Kongsfjorden. The air was warm with the near-surface and 850 hPa air temperatures 2.3 and 6.0
• C higher, respectively, than the mean values during the campaign. Some 30-36 h earlier strong southerly winds had advected warm, moist, and cloudy air over Svalbard. The wind calmed down the day before, and in the night of 30
March wind turned to northwest, remaining weak (4 m s −1 both at the surface and 850 hPa level), and the cloud fraction decreased from seven to three octas. The ECMWF analyses indicated subsidence of 0.03 m s −1 at the 850 hPa level, which may have contributed to the breaking of the cloud cover. Accordingly, the warm, moist air at higher altitudes, the weak winds, and the break of the cloud cover generated optimal conditions for strong inversions.
The model experiments of Kilpeläinen et al. [44] showed that such inversions in a warm air mass were particularly challenging for the Weather Research and Forecast (WRF) model. During the warm period from 27 to 31 March, the simulated temperature profiles were basically slightly stable with a lapse rate of −5 to −8
• C km −1 from the surface to the 850 hPa level, only occasionally interrupted by weak, thin inversions. When the maximum temperature and humidity inversions were observed over Isfjorden, the modeled inversion strengths were only 0.3
• C and 0.04 g kg −1 . Altogether 163 temperature inversions were observed during the campaign, but only 80 were simulated, with TIS, TID, and QIS generally underestimated [44] .
Low-Level Jets
Overview on the Wind Conditions.
Due to the limitations of the tethersonde system described in Section 2.1, the observed wind speeds at both fjords were mostly weak or moderate. At Isfjorden, the main wind direction was southeasterly both near the surface and above the temperature inversion. The LLJs over Isfjorden were divided into two groups. Group 1 consists of 15 cases with the jet core wind direction between 130 and 240
• and the jet core below 100 m. These jets were caused by a katabatic flow from Platåberget ( Figure 1) . Group 2 consists of three cases with the jet core wind directions between 280 and 340
• . The origin of these LLJs is not clear. Hereafter we only analyse the Group 1 LLJs.
At Kongsfjorden, the surface wind directions were variable but wind above the near-surface temperature inversion was usually easterly or southeasterly. In all LLJs of the AWI data and in 13 of the 15 LLJs of the UT data, the core wind directions were southeasterly; we interpret the jets to be generated by katabatic flow from Kongsvegen Glacier ( Figure  1, [41] ). The LLJ statistics are summarized in Table 5 . No diurnal cycle was detected from the LLJ properties (z j , U j − U a and U j ).
Variables Related to Low-Level Jet Properties.
At Isfjorden, z j was large when the air was warm (Figure 8 ) from the surface to the inversion top, the atmospheric pressure was low, and the 850 hPa flow was weak. At Kongsfjorden, the results were very different from Isfjorden ( Figure 8 ): z j was larger and correlated negatively with the near-surface air temperature (r = −0.65 in UT data). High LLJs over Kongsfjorden were also associated with warm-air advection; the larger the advection, the higher the jet core (r = 0.51 in UT data).
We interpret the different results as follows. At Isfjorden, LLJs had their cores below 120 m altitude, and were related to a katabatic flow from Platåberget. The near-surface air temperatures observed at the sounding site characterized the temperature of the katabatic flow at the coast. The fjord was ice-free with a constant surface temperature of about −1.8 • C, and the air over the fjord was therefore heated via the turbulent fluxes from the sea. Hence, the colder the air flowing downslope, the closer to the surface it remained (Figure 8 ). At Kongsfjorden, however, the fjord in front of the observation site was frozen. Because of (a) adiabatic warming of the katabatic flow and (b) stronger stratification over the flat sea ice than on the slope (where the katabatic flow mixed the near-surface air), the katabatic flow was elevated above the cold-air pool on the sea ice and the flat sounding site. This interpretation is supported by observations and model results from Wahlenbergfjorden, Svalbard [35] , Antarctic [46, 47] , and midlatitude mountain valleys [48] . The above is also supported by the fact that in the Kongsfjorden UT data set the LLJ core was always above the temperature inversion top but at Isfjorden the LLJ core was more often located below the inversion top than above it. The role of warm-air advection in lifting the LLJ core is in accordance with the above; when the warm air masses of the free atmosphere meet the mountain or glacier slopes, they mix with the katabatic flow, increasing its temperature, which favours the lift of the flow above the cold-air pool on the valley bottom (the advection at 850 hPa level approximately represents the advection at the altitude of the upper parts of the Kongsvegen glacier (800 m) and the surrounding mountains (up to 1260 m)). Figure 9 schematically illustrates the mechanisms.
At Isfjorden, the LLJ core wind speed U j was stronger when temperature inversions were deep, surface net radiation was negative, and clouds were few. In the AWI Kong- sfjorden data set, U j increased with increasing T 850 and decreasing LCC. Accordingly, factors related to stable stratification favoured a strong U j in both fjords. The core wind speed did not, however, correlate with the local stratification at the measurement sites (expressed in terms of the near-surface Richardson number or stability parameter z/L, where L is the Obukhov length). This was because katabatic winds are generated due to stable stratification on sloping surfaces, but as the wind speed increases the local stratification is reduced due to wind-induced mixing [47] , and the Obukhov length is not a relevant stability parameter over the slope, where turbulence is mostly governed by the LLJ [49, 50] .
Due to the problems in wind direction measurements, the tethersonde data did not allow studies on the role of directional shear in the generation of LLJs, but the AWI rawinsonde sounding data demonstrated the importance of this effect. In 5 of the 14 rawinsonde soundings made during the campaign, the jet occurred at the same height with a remarkable (>90
• ) change in the wind direction. In four of these five cases, the strongest winds were southeasterly (90-130
• ), indicating an air mass origin in the Kongswegen glacier (Figure 1) . Accordingly, the directional shear was related to the katabatic winds lifted above the cold-air pool. Synoptic-scale baroclinicity, calculated on the basis of the thermal wind in the ECMWF analyses, did not contribute to the generation of the observed LLJs.
Discussion
The simultaneous soundings with different practices yielded different results for temperature and specific humidity inversions as well as LLJs. Such a sensitivity analysis seems not to have been published previously, although captive balloons have been applied in meteorological research since the 1800s [51] with systems comparable to ours since the 1970s [52] . The simultaneous AWI and UT soundings in Kongsfjorden revealed differences of the order of 100% in TID, QID, and QIS, with thicker inversions in the AWI data but stronger ones in the UT data, demonstrating the importance of a high vertical resolution. The rawinsonde sounding data, in turn, included large errors close to the surface. In addition to the measurement methodology, the actual values of the inversion parameters depend on the definitions, which vary in the literature. The results of Serreze et al. [1] for the Svalbard region, mostly based on radiosonde soundings in Barentsburg on the southern coast of Isfjorden (Figure 1 ), are comparable to our observations on TIS. Serreze et al. [1] showed, however, a mean TID of approximately 450 m for our study region in April-June, which is much higher than our data indicated. A potential explanation is that radiosonde soundings detect weak inversions at altitudes higher than those reached by a tethersonde, and these are identified as a part of the nearsurface inversion (if two inversion layers were separated by a layer less than 100 m thick, Serreze et al. [1] embedded this intermediate layer within the overall inversion layer).
The strength, depth, and base height of temperature and humidity inversions were related to each other. In general, strong inversions were deep and had their base at a high altitude. In both fjords, TIS, TID, QIS, and QID were affected by conditions both at the local surface and at the 850 hPa pressure level, the latter being more important characterizing the effects of the large-scale flow over the Svalbard mountains. In general, dry air at 850 hPa level favoured strong but thin temperature inversions, and warm air at 850 hPa level favoured strong humidity inversions. Considering individual cases, the largest TIS and QIS both over Isfjorden and Kongsfjorden were observed in conditions of warmer-than-average air at the 850 hPa level during the campaign. Kilpeläinen et al. [44] demonstrated that such inversions represent a challenge for numerical models, and our analyses suggested reasons for this: when the air mass is warm and the cloud cover breaks up, strong inversions are rapidly generated via surface cooling. Such changes in the cloud cover are very difficult to be reproduced by models [53] .
Local radiative fluxes at the snow surface did not dominate the inversion properties (Table 4 ). In particular, the downward longwave radiation did not have a statistically significant role in any of the data sets. This is understandable because (a) the inversion strength and depth respond to the cumulative effect of surface forcing over the air mass trajectory, and the radiative fluxes measured at the fjord shore seldom represented the large-scale surface conditions under the trajectory well, and (b) via the effects of clouds, anomalies in the downward solar and longwave radiation compensated for each other. Hence, net radiation had more effect on the inversion properties (Table 4) . Among the near-surface variables, wind speed was the most important in affecting inversion properties: TIS, z Tb , and z qb over Kongsfjorden. Mixing due to a strong near-surface wind effectively erodes the inversion layer, resulting in weaker and more elevated inversions. Note, however, that at the coast of Isfjorden, the strongest and deepest inversions were associated with strong near-surface katabatic flows, which strengthened the inversions by advecting cold air.
We found strong correlations between inversion properties and 850 hPa variables. The strongest one resulted from a multiple regression with Tadv 850 and RH 850 as explaining variables for TID, yielding r = 0.88. Besides basic understanding of the factors affecting inversions, such relationships may have some applicability. For example, many measurements on air chemistry and aerosols are regularly carried out in Svalbard, and information on the ABL structure is important for interpretation of the data [54] . Considering short-term forecasting, TID can be diagnosed from the output of operational numerical models, but the highest resolutions presently applied in operational NWP models for Svalbard are 4 and 8 km, which make them very liable to errors in a fjord with a complex orography [42] . The model products for 850 hPa variables are, however, more reliable [55] ; via established empirical relationships with inversion properties they may provide a useful tool to forecast the inversion properties. However, this requires further studies.
Conclusions
We presented a unique set of tethersonde sounding data from two Svalbard fjords. We note, however, that due to restrictions to sounding activity caused by weather conditions and aviation safety rules, the results obtained do not well represent the full statistics of weather conditions during the campaign, just a selected subset. The most important findings of the study were as follows.
(i) A tethersonde sounding practice with a high vertical resolution was essential as it allowed detection of strong near-surface inversions and low-level jets, which were not well detected by rawinsonde soundings.
(ii) The properties of temperature and humidity inversions over Svalbard fjords in early spring were strongly affected by the synoptic-scale weather conditions above the mountains.
(iii) The strongest individual temperature and humidity inversions were observed in warm and moist (in the sense of specific humidity) air masses. In general, however, the strength and depth of the temperature inversions increased with decreasing relative humidity at the 850 hPa level.
(iv) Although temperature inversions are often generated by radiative cooling of the surface, in our data the downward longwave radiation measured at the sounding site did not correlate with the inversion strength, depth, and base height.
(v) Humidity inversions occurred as frequently as temperature inversions, but humidity inversions on average (a) had a larger base height and (b) were thicker than the temperature inversions. This was due to (a) the role of the snow surface as a sink for heat but usually not for moisture, and (b) the effect adiabatic cooling in reducing the temperature inversion depth.
(vi) Over the ice-covered Kongsfjorden, the jet core was located highest when the near-surface air was coldest: jets were lifted above the cold-air pool and associated inversion layer over the fjord. At the coast of the icefree Isfjorden, jet cores were located lower, often below the inversion top, and the core height was highest in cases of warmest air.
